Hartmannibacter diazotrophicus gen. nov., sp. nov., a phosphate-solubilizing and nitrogen-fixing alphaproteobacterium isolated from the rhizosphere of a natural salt-meadow plant A phosphate-mobilizing, Gram-negative bacterium was isolated from rhizospheric soil of Plantago winteri from a natural salt meadow as part of an investigation of rhizospheric bacteria from saltresistant plant species and evaluation of their plant-growth-promoting abilities. Cells were rods, motile, strictly aerobic, oxidase-positive and catalase-negative. Phylogenetic analysis based on 16S rRNA gene sequences showed that strain E19
IP: 54.70.40.11
On: Tue, 23 Jul 2019 20:46:09 order to find isolates able to increase the salt tolerance of horticultural crops.
Strain E19
T was isolated from a natural salt meadow in a nature protection area near Münzenberg, Hesse, Germany (50 u 279 360 N 8 u 449 350 E). Root systems of greater plantain (Plantago winteri) from the salt meadow were washed thoroughly by vigorous shaking in sodium pyrophosphate (100 mM). Subsequently, the suspensions were diluted with sterile saline using a standard dilution method and then incubated at 28 u C for 2-3 days on calcium phosphate (CP) agar containing 1 % sucrose, 0.01 % NaCl, 0.05 % MgSO 4 . 7H 2 O, 0.02 % yeast extract, 0.05 % NH 4 Cl, 0.01 % MnSO 4 . H 2 O, 0.5 % Ca 3 (PO 4 ) 2 , 0.5 % (v/v) bromocresol green (0.5 % in 0.2 M KOH) and 1.5 % agar. Strain E19
T was isolated using dilution streaking and then stored as 20 % glycerol stocks at -20 u C. Unless otherwise stated, subcultures were grown in half-concentration marine agar (Roth) for handling and analysis.
Cell morphology, Gram-staining (Gerhardt et al., 1994) and the presence of flagella (Heimbrook et al., 1989) and poly-b-hydroxybutyrate (PHB) granules (Rohde, 2011) were evaluated by light microscopy using a Zeiss microscope with 61000 magnification from 24 and 48 h-grown colonies. Growth of strain E19
T was tested at 4, 10, 16, 22, 28, 37, 45 and 50 u C and under anaerobic and microaerobic conditions (Anaerocult A and C; Merck). Growth in different salt concentrations was evaluated on marine medium agar (0.5 % peptone, 0.1 % yeast extract, 0.01 % ferric citrate, 0.59 % MgCl 2 . 6H 2 O, 0.32 % MgSO 4 . 7H 2 O, 0.18 % CaCl 2 . 2H 2 O, 0.06 % KCl, 0.008 % KBr, 0.002 % H 3 BO 3 , 1.5 % agar) using 0-10 % (w/v) NaCl at intervals of 1 %. Catalase activity was determined by bubble formation in 3 % (v/v) H 2 O 2 and oxidase activity using oxidase test strips (Merck). Other physiological and biochemical tests were performed using API 20NE and API ZYM strips (bioMérieux). Cells for inoculation of the API ZYM and API 20NE strips were suspended in a solution containing 0.3 % MgCl 2 and 3 % NaCl. Hydrolysis of CM-cellulose and starch (0.2 %) under saline conditions was respectively determined with Congo red dye and an iodine solution following the protocol of Kasana et al. (2008) . Sensitivity to antibiotics of strain E19
T was tested with the disc diffusion method by spreading a cell suspension (0.5 McFarland; 28 u C for 48 h) on agar plates with discs (Oxoid) containing the following antibiotics: ampicillin (10 mg), chloramphenicol (10 mg), kanamycin (30 mg), penicillin G (10 mg), erythromycin (15 mg) and tetracycline (30 mg). The diameters of the inhibition zones were measured after 72 h at 28 u C to determine susceptibility, slight susceptibility or resistance.
Plant growth-promoting abilities of strain E19
T were tested in different PGPA media under optimal growth conditions. Growth was tested on nitrogen-free LG agar (Turner & Gibson, 1980) and on DF medium agar supplemented with 1-aminocyclopropane-1-carboxylate (ACC) as sole nitrogen source (Penrose & Glick, 2003) . Detection of induction of indole-3-acetic-acid (IAA) biosynthesis and siderophore production was done according to Ribeiro & Cardoso (2012) . Phosphate solubilization was tested on agar plates containing 1 % sucrose, 0.01 % NaCl, 0.05 % MgSO 4 . 7H 2 O, 0.02 % yeast extract, 0.05 % NH 4 Cl, 0.01 % MnSO 4 . H 2 O, 0.5 % (v/v) bromocresol green (0.5 % in 0.2 M KOH) and 1.5 % agar supplemented with 0.5 % Ca 3 (PO 4 ) 2 , 0.5 % AlPO 4 and 0.2 % FePO 4 . Phytate mobilization was tested on inositol hexaphosphate (IHP) agar (Unno et al., 2005) . The acetylene reduction assay was performed using cells grown in LG medium with 0.5 % NaCl and incubated for 48 h at 28 u C (Suarez et al., 2014a) . Azotobacter vinelandii DSM 2289
T was used as a control for all tests of acetylenereducing activity. Phosphatase activity was tested using the methods of Tabatabai & Bremner (1969) after 15 days of growth of strain E19
T on SRSM1 medium (Vazquez et al., 2000) with 0.5 % Ca 3 (PO 4 ) 2 at 28 u C.
Genomic DNA from cells of strain E19
T was extracted following the protocol of Moré et al. (1994) . The G+C content of genomic DNA was measured according to González & Saiz-Jimenez (2002) . Presence of the nifH gene was evaluated according to Bürgmann et al. (2004) . The almost-complete 16S rRNA gene sequence (1426 bp) was obtained by PCR according to Kampmann et al. (2012) and sequencing of both strands of the 16S rRNA gene and the nifH gene was done as described previously (Suarez et al., 2014b) . The most similar sequences to the new 16S rRNA gene sequence of strain E19
T were retrieved from the GenBank database using the BLAST algorithm (Altschul et al., 1990) and the EzTaxon database of type strains of species with recognized prokaryote names (Kim et al., 2012) .
The 16S rRNA gene sequence was screened for chimeras using the toolset DECIPHER (version 1.6.0; Wright et al., 2012) , aligned online with the nearest relatives with the alignment tool SINA (version 1.2.9; Pruesse et al., 2012) and merged with the pre-aligned 16S rRNA gene online database LTPs111 (February 2013 release) (Yarza et al., 2008) using ARB version 5.2 (Ludwig et al., 2004) . Similarity was determined and phylogenetic analysis was performed using ARB version 5.2. Maximum-likelihood (ML), neighbour-joining (NJ) and maximum-parsimony (MP) trees were reconstructed using bootstrap analysis (1000 replicates) and a filter of termini of the 16S rRNA gene sequences between positions 123 and 1409 (Escherichia coli numbering; Brosius et al., 1978) . The nifH gene sequence (335 bp) was screened for chimeras using the UCHIME algorithm (Edgar et al., 2011) . Reported nifH nucleotide sequences were extracted from the functional gene pipeline and repository (FunGene) from the Ribosomal Database Project (Cole et al., 2009 ). An NJ phylogenetic tree for the nifH gene nucleotide sequence corrected with Kimura's two-parameter model was reconstructed using MEGA version 5.0 (Tamura et al., 2011) .
For fatty acid methyl ester analysis, cell biomass of strain E19
T was grown aerobically on marine agar (Difco BD) at 28 u C for 48 h. Inoculation, incubation, cell harvesting, extraction and analysis were carried out by the Identification Service of the BCCM/LMG, Belgium. Table MIDI TSBA 5.0 was used for peak naming. Analyses of respiratory quinones and polar lipids were carried out by the Identification Service of the DSMZ (Braunschweig, Germany) from lyophilized cell biomass grown in halfconcentration marine broth at 28 u C for 48 h.
T was a Gram-negative, asporogenous, strictly aerobic, oxidase-positive, catalase-negative, non-pigmented, rod-shaped bacterium (1.960.5 mm), motile by a single lateral flagellum (Fig. S1 , available in the online Supplementary Material), that did not produce intracellular PHB inclusions. Morphological, physiological and biochemical characteristics of strain E19
T are given in the genus and species descriptions. After 48 h at 28 u C, colonies were 1.0-2.0 mm in diameter, circular, colourless, non-mucoid and smooth when grown on half-concentration marine agar. Under the same incubation conditions on CP agar, colonies were 1.5-2 mm in diameter, dark blue-green, non-mucoid and smooth with a solubilization halo and, on LG agar, colonies were 1.0-2.0 mm in diameter, brilliant, transparent, non-mucoid and smooth. Strain E19
T grew in 1-3 % (w/v) NaCl and at 22-37 u C. No growth was observed at 4 % NaCl or at 16 or 45 u C. The isolate is clearly differentiated from all closely related genera by the absence of catalase activity (Table 1) . Other characteristics of strain E19
T are presented in the species description.
Positive growth results of strain E19
T on different PGPA media showed its potential as a PGPR under plant stress conditions. Growth on ACC-supplemented medium indicated ethylene reduction and thus its ability to diminish plant stress reactions. Different phosphate sources were used including organic (IHP) and insoluble [Ca 3 (PO 4 ) 2 , AlPO 4 and FePO 4 ] phosphate sources. The highest phosphatase activity was 0.043 mmol p-nitrophenol min 21 , measured after 7 days of growth. As a result of this ability, difficult phosphorus sources can become available to the plant. Moreover, strain E19
T could provide the plant with nitrogen, as shown in the acetylene reduction assays at a calculated rate of 0.18 mmol N 2 (mg protein) 21 h
21
. Negative PGPA included no IAA and no siderophore production.
Growth on DF medium agar supplemented with ACC and IHP was positive, and no growth was observed on LB agar supplemented with 0.1 % g L-tryptophan. Growth on agar containing Ca 3 (PO 4 ) 2 , AlPO 4 and FePO 4 as insoluble phosphate sources was positive in all cases. Production of siderophores was negative. Positive results of growth of strain E19
T on different PGPA media, acetylene reduction activity, phosphatase activity and salt tolerance made it a potential candidate to be tested as a PGPR under salt stress conditions (data not shown).
BLAST analysis of the 16S rRNA gene sequence (1426 bp) of strain E19
T revealed 99 % identity to 16S rRNA gene sequences from sediment bacteria isolates 23-01 (GenBank accession no. EU167992) and 23-02 (EU167993) (Hilyard et al., 2008) . Among strains from species with validly published names, the 16S rRNA gene sequence of strain E19
T was most similar to those of Rhizobium rhizoryzae J3-AN59 T (93.5 %), Labrenzia suaedae YC6927 T (93.1 %), Aureimonas ureilytica 5715S-12 T (93.1 %) and Stappia stellulata IAM 12621 T (93.1 %). Similarity of less than 93 % was obtained for other described bacteria belonging to the Alphaproteobacteria (Table S1 ).
As a general statement, values of 16S rRNA gene sequence similarity below the mean (96.4±0.2 %) or minimum (94.9±0.4 %) identity to the type species may lead to circumscription of a new genus (Yarza et al., 2008) . The NJ phylogenetic tree (Fig. 1) showed that strain E19
T formed a monophyletic group with a bootstrap value of 87 % with the sediment bacteria 23-01 and 23-02, and belonged to the monophyletic group of the Alphaproteobacteria. Furthermore, there were no closer affiliations to members of the 13 families of the order Rhizobiales or the family Rhodobacteraceae. Similar results were obtained with the ML and MP trees (Figs S2 and S3) . Based on these results, strain E19
T could not be clearly affiliated to any classified genus with any of the algorithms. The nifH gene sequence of strain E19
T (335 bp) showed the highest similarity among reported nifH gene sequences in GenBank to that of Methylobacterium sp. 4-46 (GenBank accession no. CP000943.1) (91 %). Similar values were obtained for reported nifH gene sequences of the genus Azospirillum. Results from the reconstructed NJ phylogenetic tree showed that the nifH gene sequence of strain E19
T was located in an internal low-bootstrap-support subcluster together with species of genus Methylobacterium (Fig. S4) . The DNA G+C content of strain E19
T was 59.9±0.7 mol%.
Major fatty acids of strain E19 T (.5 %) were C 18 : 1 v7c (71.4 %), summed feature 2 (C 14 : 0 3-OH and/or iso-C 16 : 1 ; 8.3 %), C 20 : 0 (7.9 %) and C 16 : 0 (6.1 %) ( Table S2 ). The predominance of octadecenoic acids as major fatty acids in the fatty acid profile of strain E19
T revealed the affiliation of the isolate to the Alphaproteobacteria, whereas the low content of cyclic C 19 : 0 was in contrast to the predominance of this fatty acid in members of the order Rhizobiales (Moreno et al., 1990; Tighe et al., 2000; Wilkinson, 1988) . The predominance of C 20 : 0 as a major fatty acid differentiated strain E19
T from most phylogenetically closest related taxa (Table 1) , from the nitrogen-fixing genera (Rhizobium, Bradyrhizobium, Sinorhizobium, Mycoplana and Methylobacterium; Urakami et al., 1990; Tighe et al., 2000; Schauer et al., 2011) among the order Rhizobiales and from the genera Roseibium, Pannonibacter and Nesiotobacter in the order Rhodobacterales (Donachie et al., 2006; Biebl et al., 2007) .
Ubiquinone 10 (Q-10) as the major quinone is a characteristic of members of the Alphaproteobacteria (Collins & Jones, 1981; Yokota et al., 1992) . Moreover, E19
T contained Q-10 as the sole major respiratory quinone, in contrast to members of the families Aurantimonadaceae, Phyllobacteriaceae, Rhodobiaceae, Bradyrhizobiaceae, Methylocystaceae Quinone system Q-10 ND Q-10 Q-10 Q-10 Q-10 Q-10, Q-8 Q-10 Q-10, Q-9 Q-10, Q-9 NaCl concentration for growth (%, w/v) and Hyphomicrobiaceae (Hwang & Cho, 2008) . Related genera from the family Rhodobacteraceae present Q-10 as the dominant respiratory lipoquinone (Cho & Giovannoni, 2004; Biebl et al., 2007) .
The polar lipids comprised an unidentified phospholipid, phosphatidylglycerol (PG), phosphatidylcholine (PC), phosphatidylethanolamine (PE) and an aminolipid (Fig.  S5) . The presence of an unidentified phospholipid as a major polar lipid and the absence of phosphatidylmonomethylethanolamine (PMME) and sulphoquinovosyldiacylglycerol (SQDG) distinguish strain E19 T from most phylogenetically closely related genera (Table 1) . The presence of PG, PE and PC as membrane polar lipids was consistent with the polar lipid compositions of genera of different families of the order Rhizobiales (Kaneshiro & Marr, 1962; Thompson et al., 1983; Miller et al., 1990; Kämpfer et al., 1999; Choma & Komaniecka, 2002; Hwang & Cho, 2008) . The absence of PMME distinguished strain E19
T from genera belonging to the families Brucellaceae, Aurantimonadaceae, Phyllobacteriaceae, Rhizobiaceae, Methylocystaceae and Cohaesibacteraceae (Hwang & Cho, 2008) . The absence of SQDG and PMME respectively distinguished strain E19
T from members of the genera Roseibium and Labrenzia and the genus Stappia (Biebl et al., 2007) .
All genetic, phylogenetic and phenotypic data analysed in this study indicated that strain E19
T could not be characterized as a member of any recognized genus within the Alphaproteobacteria. Therefore, the name Hartmannibacter diazotrophicus gen. nov., sp. nov. is proposed to accommodate strain E19 Colonies on half-concentration marine agar are 1.0-2.0 mm in diameter, circular, colourless, non-mucoid and smooth after 48 h at 28 u C. Cells are short rods (1.0-2.760.5-0.7 mm), motile by the presence of one single lateral flagellum. Growth occurs at 22-37 u C (optimum, 28 u C). No growth occurs under microaerobic or anoxic conditions. Growth occurs at 1-3 % (w/v) NaCl. Positive in growth tests for casein and negative for starch and CM-cellulose. Positive results from the API 20NE system are nitrate reduction, urease activity, aesculin hydrolysis and assimilation of D-glucose, arabinose, mannose and mannitol. Negative results are obtained for gelatin hydrolysis, indole production, D-glucose fermentation, activities of arginine dihydrolase and b-galactosidase and assimilation of N-acetylglucosamine, maltose, gluconate, caprate, adipate, malate, citrate and phenylacetate. With the API ZYM system, positive results are obtained for C8 esterase lipase, C14 lipase, valine arylamidase, acid phosphatase, naphthol-AS-BI-phosphohydrolase, a-glucosidase and N-acetyl-b-glucosaminidase activities. Negative results are obtained for alkaline phosphatase, C4 esterase, leucine arylamidase, cystine arylamidase, trypsin, a-chymotrypsin, a-galactosidase, b-galactosidase, b-glucuronidase, b-glucosidase, a-mannosidase and a-fucosidase activities. Susceptible to kanamycin (30 mg), chloramphenicol (30 mg), penicillin G (10 mg), tetracycline (30 mg) and ampicillin (10 mg) and intermediately susceptible to erythromycin (15 mg). Polar lipids, respiratory lipoquinone and fatty acids are consistent with those listed in the genus description. In addition, polar lipids in minor amounts are phosphatidylethanolamine and an aminolipid. Fatty acids present in minor amounts (,2 %) are C 16 : 0 3-OH, C 19 : 0 cyclo v8c, summed feature 3 (C 16 : 1 v7c and/or iso-C 15 : 0 2-OH), C 16 : 1 v11c, C 10 : 0 3-OH and C 8 : 0 3-OH.
The type strain, E19 T (5LMG 27460 T 5KACC 17263 T ), was isolated from the rhizosphere of Plantago winteri in a salt meadow in a nature protection area near Münzenberg, Hesse, Germany.
